Abstract The Burmese python (Python molurus bivittatus) is established in Everglades National Park and neighboring areas in south Florida. Beyond its substantial ecological impacts to native fauna in south Florida, concerns have been raised as to its potential to occupy other parts of the USA, even as far north as Washington, DC. During a recent period of cold weather, seven of nine captive Burmese pythons held in outdoor pens at our facility in northcentral Florida died, or would have died absent our intervention. This cold-induced mortality occurred despite the presence of refugia with heat sources. Our findings cast doubt on the ability of free-ranging Burmese pythons to establish and persist beyond the subtropical environment of south Florida.
Introduction
The invasive Burmese python has been entrenched in south Florida for over a quarter-century (Meshaka et al. 2000) . This taxon, long recognized as Python molurus bivittatus, has recently been reassessed as Python bivittatus bivittatus (Jacobs et al. 2009 ). The species' invasion pathway in south Florida has been largely attributed to (illegal) pet releases, although the highly destructive Hurricane Andrew in 1992 may also have released many from captive breeding and holding facilities (Snow et al. 2007; Bilger 2009 ). The extent of the species' potential range beyond south Florida has been the subject of considerable controversy (Snow et al. 2007; Pyron et al. 2008; Rodda et al. 2009) . A climate matching approach using mean monthly climate information from within the native range of the Burmese python and the closely related Indian python (Python molurus molurus) produced potential range projections north to Delaware and southern Maryland and west to California (Rodda et al. 2009 ). Ecological niche modeling using Burmese python native range information and incorporating temperature extremes, not only mean values, generated much narrower projections with only extreme south Texas added to its current introduced range (Pyron et al. 2008) . While these divergent projections for the potential range of the Burmese python have led to spirited discussion, little empirical information is available to indicate whether the species might indefinitely survive, let alone establish sustained breeding populations beyond south Florida. Here, we present evidence that, even with refugia and heat sources, adult Burmese pythons are unable to survive cold weather events in the central Florida peninsula, 400 km north of their currently known introduced range.
Methods
During February-March 2008, 3 female and 6 male adult Burmese pythons were wild-caught in or around Everglades National Park and transported to Gainesville, FL (29°39 0 11 00 N, 82°17 0 15 00 W). At the USDA/ APHIS/WS/National Wildlife Research Center field station, each python was individually housed outdoors in a pen 3.0 m long 9 1.5 m wide 9 1.8 m high. The pens were aluminum frame construction enclosed with plastic-coated wire.
In each pen, we provided a plywood hide box (61 9 61 9 29 cm) covered in 5 cm thick polystyrene insulation board and wrapped in medium gauge black plastic. Access to the box was through a 15 9 15 cm opening covered by plastic strips to create a ''curtain'' type entrance. The floor of the box was a 1.2 cm thick polystyrene insulation board to help retain heat and to reduce moisture from the ground. On top of the floor board, we installed a heat mat (45.7 9 45.7 cm; Kane Manufacturing Company, Des Moines, IA) set at 27°C and controlled with an electronic thermostat (R-Zilla Ò Central Garden & Pet, Franklin, WI). We added a folded blanket to give the snake additional options for controlling its heat exposure. Each pen also included a plastic water pool (1 m diameter, 20 cm deep) and large branches for basking. The individual pens were all situated within a netted 0.2 ha flight pen secured against python escape.
For each python pen, the heat mat surface temperature and the outside temperature were recorded hourly from 1 November 2009 through 12 January 2010 (Oakton Temp Log, Oakton Instruments, Vernon Hills, IL). During 14 January-8 February, we added temperature probes to 2 hide boxes to record hourly air temperatures 12 and 25 cm above the heat mat. These additional temperature data were used to establish the probable relationship between ambient conditions and air temperatures inside the hide boxes during 3-12 January when we experienced particularly cold weather.
The captive pythons were test subjects in behavioral studies of reproductive behavior, responses to chemical cues, and responses to capture technologies and strategies. They had lived outdoors throughout the previous winter and they remained there during a regional cold weather spell in December 2009 and January 2010 which permitted opportunistic observations of cold weather behavior and survival of the snakes.
Results
During the 2008/2009 winter, the ambient temperature at our study site was below freezing on 15 nights. In January 2010 alone, subfreezing temperatures occurred on 10 nights. Furthermore, from midnight on 2 January to noon on 12 January, hourly ambient temperatures were at or below freezing 47% of the time. During this 10.5-day period, 55-61% of the time the calculated temperatures inside the hide boxes of the pythons were B10°C, a threshold below which pythons increasingly are at risk of dying from exposure (Barker 2008) .
During the cold spell, 3 of the 9 pythons were found dead. Two others developed infections and were euthanized after consultation with and at the recommendation of our attending veterinarian. Two snakes exhibited clinical signs (wheezing, nasal discharge) of respiratory distress, most likely fatal had we not intervened (E. R. Jacobson, University of Florida, Gainesville, FL, personal comment). In keeping with our responsibility under animal care and use guidelines, we moved these snakes indoors to recover. The final two pythons (both males, 3.4 and 9.0 kg, respectively) showed no ill effects and remained outdoors. Thus, including the 2 snakes with overt respiratory problems, we ascribe mortality from cold weather effects to 7 of the 9 pythons.
Pythons were not subject to round the clock surveillance, but during routine maintenance we observed behavior seemingly contradictory to a cold weather survival instinct. The first instance occurred on 16 November 2009 when the second largest male (9.05 kg) was outside in 8°C air temperature. This snake was one of the two euthanized later due to infections. The largest snake (18.45 kg) was atop her hide box at 14:08 on 5 January 2010 when the air temperature was 10°C. The next day this same snake was again on top of her hide box at 11:10 with air temperatures from -3.3°C at 08:30 to 7.3°C at 11:30. She was again on top of her hide box at 11:20 on 11 January 2010 with the air temperature ranging from -5.7°C at 8:30 to 9°C at 11:30. At the same time, the temperature on the heat pad inside the hide box was 26.7°C. At 1730, when the outside temperature was 5.0°C, we brought this snake indoors in an attempt (unsuccessful) to insure her health. Shortly afterwards, we noticed the third smallest male (8.11 kg) outside its hide box when the outdoor temperature was 3.25°C, and we moved it inside to recover from apparent respiratory distress.
Discussion
We recognize that our pythons are not perfectly representative of free-living pythons. But, if wild pythons had existed in north-central Florida during the 2009-2010 winter, we contend their survival rate would likely not have matched that of the captive pythons. Our animals approached winter well-fed, with the benefit of daily attention from trained animal care professionals, and with free access to a heated refuge, advantages not guaranteed for pythons in the wild. Thus, our results may well provide insight to the upper limits for survival probability of adult Burmese pythons in north central Florida during a prolonged period of cold weather.
Our pythons were wild-caught in the Everglades National Park region (ca 400 km south of Gainesville) and subsequently maintained in ambient conditions in pens large enough to give the snakes options for refuge, thermal regulation, and exposure. Barker (2008) observed that captive tropical constrictors, including Burmese pythons, did not exhibit behaviors for avoiding lethally cold temperatures. The tropical pythons appeared unable to recognize potentially lethal cold, with the snakes' urge to explore rather than shelter placing them at risk. Barker (2008) did not find the same lack of survival response relative to cold weather extremes in subtropical species, which have evolved in climates with occasional cold spells.
Recent genetic results showed little differentiation among Burmese pythons captured in south Florida (Collins et al. 2008) . As with many invasive species, the founding population sources are probably multiple and may never be definitively known. Nevertheless, a potentially significant consequence of the lack of genetic variation among the south Florida pythons may be reduced behavioral and ecological flexibility, with a resultant inability to adapt to significant changes in climatic conditions. Moreover, Aubret and Shine (2010) concluded that snakes' thermoregulatory tactics are based more in the conditions of their raising than their current thermoregulatory opportunities, thus making year-toyear temperature variation their major thermoregulatory challenge for survival.
Our results, while not definitive, support the view that climatic variables affecting the extent of a species' range are likely defined by their extremes in magnitude and duration, rather than by average values. Our empirical observations on the impacts of the cold weather event are consistent with results from recent niche modeling efforts (Pyron et al. 2008 ) and cast doubt that Burmese pythons can become established and persist beyond the southern portion of the Florida peninsula.
